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Reference: R 4.0

1. INTiRODUCT ION

The requirements of moderni warfare for solid g,-opella-t charges fer high
thrust boosts and sustain ers for guided missiles and for assted-take-off
units for aircraft have necessitated the production of grains of larger
diameter than can be made by the extrusion of solvefitless cordite. Charges
up to 9 inches in diameter have been p-roduced in Great Britain from a 15 inch
cress and uu to 10 inches in Germany from a 21T inch press; but the s.I.ze of
an extrusion is nornnlly limited to an effective cross-sectional arcea 25 per
ceit of that of the press cylinder.

Th-e increasing demand for lanrge charges has directed attention to -ethods
of' casting pr-opellant grains. The cast double base p.ocess depends on the
ability of ni.trocellulose powders to swell and coalesce into a coherent iraqs
when treated with a suitable solvent and plasticiser. The process consists
essentially of manuiacturlng a containerc, fillIig it with a fine-grain nitro-
cellulose powder, evacuating to removc volatile mAtter, casting with a li.quid
nitric ester and curing at an elevated tomperoature. The container Is normally
a cellulose acetate, convolute-wound, tube which bonds to the charge a!d acts
as an inhibitor, whilst perfmitt-ing the propellant and its bond to the
restriction to be inspected.

The casting technique is not only suitable for the production of charigcs
of large web thickness but also fo-c those of long length and complex grain
natte _M.

2. OBJECTS OF INVESTIGATICU

Though pract:cal Jevelopmen-ital work hs bee carried out o1 the cast
double base technique with the 6 inch pilot plant at Waltham Abbey, litte
ka-owlcdge has been accumulated on the theory of the 'Mechanics of Casting'.
This investigation has bcen initiated to increase this knowledge aid to prv.c
additional data for casting long c -,gs.

The main objects a)-e:

2.1. To measure thc rate of dilatation, of the casting powder and its .'ate
of penetration by casting liquid,

2. 2. To measure the rate of dilatation of the convolute--wound container and
-- atc of penetration by the cast:,- liquid,

2.3. To measure the densities, and calculate the volume cofficicts, of
the casti0g powders a)d fini.shed charges,

2.4. To dctcrminc the r,ate of solution of the casti)g owdcr in thc
castino llquid,

2.5. To measturc the chrngo iu volume of the system on castin.g and cuI'sg
the consolidation pe riod,

2. 6. To deter.mine what effect the geometrical shape, size and mcthod of
mnnufacturc of' the oowder will iave on the mechan-ics of casting,

2.7. To determ e the optimum conditions of tomperature a,d c. -u w
requircd to cast charcgcs up to 15 feet .YL l-ength.

/3.
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3. E)UMERNTAL PR~OCEDURE

3.1. Dilatation of Powder Granules

The granules of' chopped ccord a-re, stuck to -, thin) layer,. ol wax -at Llhe
bottom of -a Pctri dish (Fig. 1, p.22) and covered iith. castilng 1--quJd; thle
rate of dilatation is mea-sured at regularc itorvals by meas of a travellin g
microscope.

Twvo gr-ail-s reset in each dJsh, onc ox-posngteXai(ictono
extrusion) and the other the Y axis (Fig. 2 below)5.

r^ EW) FOR DIRECTION OF
MEASI.UREMENT OF CORDITE GRAINS

F1~I

The dish is stuck to a7 square. of whitc carcd, t ho granul(2s lined up with
the cross-wires co) trho m2;croscope, ard a' guideCl line mira-vkcd on ilhe, car,d to
corresDond wvith a simil-ar one on the microscoue baseboard to crisuoe that hc
same cross-section is mea,suxred each time.

The dish and casting liquid a.,rc pla ced in a constanit tcipCr,AU:r-O aad
humidity cabiact ( sect a t 20OC. , 5 5 --c lat:v* hCum-'IitY) fo t ea,t 24 hours
befo-re coiiencin-g the test. The gralcz L-u-o thc):) mo,,sur-cd, i7)PersCI i
c,aStinig liquid, re-measu-red and ropla ccd aiitflhc hum.1dity cab inet. Acasuro m&n-(ts
areI, taken after 4 hour-s, 24 houvs at-,d da.'1 Iy foj 4 days, aft, whNVh th swoll
edge is usuall1 y too idist-lict fcL, f' Otr CCUL,-'aatc ireasLrvl.cm t. B,)th theo
outer swolle-!- edges adt c iintfer u;a-ffOctCd o -e of thc gr'-ol itt

1  mesuJCIm.

As a hig-Eh pC-cc -.t,-gc of' thec granulc -c not chopped I c 1c.,)y by the r:ota,ry
cutter duringp manuf,actuire it is nCcessary to Pick out j-he least dis-torted
cylinders to obta.i, -reproducible resul ts-

it is aloi 'atltlat tlheC gr,:an-uleF arc sot trt-iy vCrtica'lly, wi1th oi-ly
one planei visibleC, because durv-ig swellig the chr dgc di-sa-ppea,r-s an,,d
focussing becomes diff-Icult.

/The granu-ules
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The granules should be immersed in a minimum of casting liquid, to
climinate as far as possible solution effects, though sufficient must be used
to cover the granules completely and ensurc that the swelling is thrce-
dimensioncal.

Care should bc exercised in hnndling the dishes, esoecially after 2 days,
to prevent damage to the soft swollen edges of the granule. The stab-iliser,
2-nitrodiphenylaminc, is not added to the casting liquid, because its intense
colour -mkes it impossible to follow the dilatation of the similarly coloured
granule s.

3.2. Dilatation of Convolute-Wound Cellulose Acetate Containers

Initial experiments on the dilatation"of convolute- would cellulose acetate
containers, when the specimens were completely inmersed in the liquid, showed
that the most rapid penetration occurred along the laminations. Therefore, to
simulate practical conditions more closely, it was decided to expose the
specimen to the liquid on one surface only.

The specimen (i inch x inch) is set in a thin layer of wax at the
bottom of a small. dish; three of the other surfaces are restricted with more
Wax, leaving only the inside concave surface exposed to the casting liquid
(Fig. 3). The dish is stuck to a white card and lined up with the microscope
in the same way as for the cordite granules, then placed 1i a constant temp-
eraturue and humidity cabinet with the casting liquid in a separate vessel for
48 hours. On starting the test, the liquid is added carefully so,as riot to
spill any on the top of the specimen.

Ti this case, two distinct zones are observed - an inner one, indicating
the extent of penetration of the liquid, and an outer c, delineating the
swollenr boundary of the specimen. Both aremeasured with respect to the
convex edge after 4 and 8 and 24 hours inersion and then daily for 10 days.

The colour of 2-nitrodiphonylam7ic is too intense to cnable t1ho swollen
edge to be seen clearly, so it is not added to the casting liquid. However,
as some contrast is necessary between the straw-coloured casting liquid arid the
clear specimen, the liquid is dyed a very pale green with ar approved oil-soluble
dye.

3.3. The Dilatation of the Cast.- System

The dilatomcter and associated apparatus, shovn in Fig. 4, was designed to
mcasure the change in volume which takes place after casting and during
consolidation of a cast double base charge.

The casting vessel is a small glass cylinder with a sintcrod glass baseand several lugs to support it in the dilatomtc-r. The two sections of the
dilatomctcr are joined by a "Quickfit'l joint which, Ahcn coated with the
appropriate gradc of high vacuum grease (grade depndirIg on the temperature),
provides a watertight seal. The entry tube E and t1c top of the casting vessel
arc shaped so that the casting liquid w:ll be delivered to the bottom of the
di1atometer. The mercury serves two purposcs, firstly, to displace the casting
liquid into the capillary tube, and, seconrdly to wash the nitric ester from
stopcock B and reduce thc risk when the latter is closed.

The casting vessel is filled with a wcighcd amount of powder, a fine copper
gauze r striction is placed on top, aid the vessel is lowered carefully into
the dilatometer. The apoaratus is then assembled 1i the watcr bath, as shown,
and given an hour at the required temperaturc ta come to thermal equilibriuL
With stopcock B open and screw clip F closed, vacuum is applied simultaneously

/to the
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to the liquid rescrroir and to the top of the capillary tube.

After evacuation for one hour the system is ready for castig, which is
carried out as follows:

Screw clip C is closed and screw clip D opened to atmospheric pressure,
then with the vacuum still applied to the capillary tube, F is slowly opened,
admitting the casting liquid to the dilatometer. The rate of flow of liquid
is regulated so that the level remains the same iniside and outside the
casting vessel. This is important as otherwise the liquid would flood into the
top of the casting vessel before the castig is complete and create air bubbles
which are difficult to remove.

When the dilatometer is nearly full, clip F is closed and the vacuum
released. Mercury is run slowly in, until the liquid level in the capillary
tube reaches a conven-ient height, when cock B is closed.

Fluctuations in the liquid level in the capilla-y are measured with a
cathetometar, the top of the tube be:ing taken as zero. The first few rcadingx
are taken at 5 minute intervals, then half hourly for 4 or 5 hours, and
finally twice daily, until there is less than an 0.02% volume change between
two readings.

3.4. Densities of Chopped Cord and Cast Charges

The Jackson-Bianchi volumeter (Fig. 5) was used to measure the densities
of casting powders, and of the propellants cast from them, at several
temperatures, and from these results the coefficients of cubical expansion
wcre calculated.

With this volunter the volume of mercury displaced by the sample of
either charge or powder is directly observed in a calibrated tube.

The apparatus consists of a glass volumctor with two calibrated capillaries,
F and. H, supported in a metal frame. Spindle S operates a reduction gear, to
which the frame is attached, and enables the volumeter to be tilted slowly
and evenly to a vertical position. A piece of plate glass C is held against
the ground end of tube E by a hard rubber button on the end of a spring-loaded
lever B.

Enough mercury is introduced into the volumcter to fill E and part of F
when it is i a tilted position. For solid charges, the steel spring D must
also be in position; for powders, spring D and the special wirc gauze coitainer
which holds the sample of ponder must be used. The apparatus is set up in an

thermostat at the required temperata. ad, with the weighed samples, is
condi'ioned for 48 hours. The dcr:r < y mcasurcmcents arc caroried out as follows.

With the volumeter in the horizontal position the glass plate C is
removed, rubber bung A inserted in E, ai.d both ends evacuated simultaneously.
While still exhausted, the tube is t"Ited back until the mercuiy nea-rly reaches
the to of E and entirely covers spring D (and wire gauze cage in the case of
powder). Air is admitted through the dust filter M by means of the two-way
tap N, the rubber bung is removed arid the glass plate is replaced and clamped
in position. The tube is further tilted until the mercury fills E completely,
the remaining air escaping between the glass plate and the ground end of E,
while the mercury is a-rested. The position of the mercury surface is read on
the graduatcd scale F.

The tube is then tilted back to the horizontal, C and D are removed, and
the sample inserted in E. The steel spring is placed over the sample to
prevent it rising through b,cyancy. Evacuating and tilting a pe erformed as
before and a reading on scale H is obtained. The difference between the

- 4- /readings
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readings is the volume of the sample.

It is important that both the sample and spring D are completely
covered by mercury before admitting air to the exhiausted tube.

Tilting should be slow and even, especially as the mercury begins to cover
plate C. The glass plate C must be smooth and flat and the end of tube E
ground perfectly flat, otherwise mercu-_.,y will be lost.

At least three samples of each powder and charge were easur-ed at 20OC.450C. and 600C.

3.5. Packing and Packing Fractions

The highest nitrocellulose content of -olventless cordite is normally
57% and it is doubtful whether this figure will be exceeded by existing
methods of mnufacture. Therefore, for the cast double base process using
single base casting powder containing 88% - 90% of nitrocellulose, it will
be necessary to achieve a packing fraction of at least 64% to match the highest
nitrocellulose content of solventless cordite.

The chopped cord used for cast propellants is in the form of isodimtric
cylinders which gave a maximum random packing of 67% and therefore will give
a similar composition to that of solventless cord-ite.

The filling head Fig. 6.A, had been designed to give a high, unifon
random packing for use with the 6 inch casting plant. The rate control plate
has 7/32 inch diameter holes set at 1 inch centres, and the distributor plate
hc, 7/64 inch diameter holes set at 3/16 inch ccntres. The ratc control plate
is designed to regulate the feed to the distributor plate and if the holes in
it are smaller the feed will be slow for practical filling whilst if they arc
larger the rate of feed will be too fast and result in clogging.

The optimum ratio of diameter of the distributor plate holes to the
dimensions of the powder (in this case 0.030 x 0.030 inch) is approximntely
3 to I to prevent clogging and deliver the poer as a steady rain. The 20
inches from the lower plate to the cast.Ing beaker has bocn found to be the
minimam fall required to give a packing fraction within 0. 2% of the maximum.

In designing a 1 inch fillillg head for the long-tube casting apparatus,
it was found that 7/64 inch holes in the distributor plate wore too small ani)d
they had to be increased to 9/64 inch at 7/32 inch centres before clogging
was elimirnted.

Owing to variations in the sizes of the loag glass tubes a &light taper
was pt.ovided on the base of the I ich filling head.

3. 6. Rate of Solution of Casting Pwdcr in Casting Liquid

A direct investigation of the rate of solution of casting powder i-
casting liquid cannot bc cac ricd out, because it is not readily possible to
determine quantitatively the small amounts of nitroccllulosc involved. Also,
as only partial solution takes place, there can). be no direct coircelation
between viscosity and concentration because the lower molecular weight
nitrocelluloses dissolve peferentially.

The really important factor from a practical point of view is not the
increase in concentration but the increase in viscosity of the casting liquid
due to solution of the nitrocellulose, as this is one of the linitir4g factors
in casting long charges.

/The increase
- 5-
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The increase in viscosity was rasu:od as far1 as possiblo under p,'nctical
casting conditions. A series of long-tubc castigs (Fig. 8) was carried out
under various conditio_ans of flow aod tompraturc, samples of the advanc:n1g
liquid were drawn off at several levels and their viscosities measured with
an Ostwald U-tube viscometer. The nitroccllulosc conttcnt a maximum at the
advancing liquid surface where there has been the longest contact between
castibg liquid and casting powder; therefore, these results will give the
rate of increase in viscosity with time of contact under- various opcrati-ng
conditions.

Those results show only the viscosity changcs at the advancing liquid
surface. To investigate the effect on the vIScosity as fresh liquid passes
through the powder bed would require successive samples of liquid from the
intermediate levels, which is not practicable with the long-tubc assembly.
Therefore, in order to be able to take successive samples of liquid at regular
intervals, without interrupting the flow through the powder bcd, the apparatus
shavin in Fig. 7 was set Lp.

This casting assembly is similar to that shown -In Fig. 8, except that the
column is only 90 cm. high, or equivalent to the first level of the long tube.
The filling of the column, conditioning, evacuation and casting procedure are
as described in Section 3.7. The casting liqu:*d passes through the powder bed
and out of the side arm into the graduated receiver, a sample (25 cc. ) of the
advancing liquid being taken after every 75 cc. have passed into the recciver.
Therefore, samples are taken after eve,y 100 c,. of liquid has passed through
the powder bed, rather than at regular itimc interivals. The sample tube is
thoroughly evacuated and clip A closed, then it is attached to the side arm
below clip B. When the sample is -required clip B is opened, followed by
clip A. When sufficient liquid has been ru- into the tube, clip B is closed,
the sampling tube removed and replaced with a clean ev-cuated one.

Samples are taken over a period of 40 to 50 minutes and the viscosities
measured on the Ostwald U-tube viscometcr.

These experiments were carried out at various temperat1,'Cs but with no
applied nitrogen pressure because the flow rate would have beej too fast to
permit sampling at regular intervals with such pressure.

5.7. Long-Tube Castings

The apparatus shown in Fig. 8 was designed for the experimental casting of
long colloidal charges to establish the factors affecting time and length of
casting, and to determine the optimum operating conditions required for large-
scale manufac cture.

The column is a one inch I.D. glass tube 15 feet long, made by jo-iin
3 five foot lengths of Pyrex industrial piping, to which 4 side ars are
attached at 3 foot intervals for sampling the casting liquid. The tube is
tested to withstand 80 to 100 p.s. i. , which allows an ample margin for safety.
The liquid inlet-tube at the base of the column is - inch I.D., and is
cornected to the liquid reservoir by 8 inch pressure tubing. The casting
liquid reservoir is a copper vessel, capacity 1,500 cc. with inch I.D.
copper inlet and outlet tubes passing through a rubber bung, fitted into the
top of the vessel and strapped into position. The reservoir is tested to
100 p.s. i. The nitrogen cylinder is fitted with the usual type of reducing
valve and adjustable safety valve combined. The 'dry ice' trap consists of a
large tube (8 x 1- inches) fitted with a rubber bung. It sits cn glass beads
in the bottom of a vacuuim-insulated vessel half filled with acetone and 'dry
ice'. The inlet tube to the 'dry ice' trap (i.e., from the cast ing assembly)
is 0. 5 inch I. D. , this larger size being necessary to prevent drops of water

/'eezing
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freezing on the tube and sealing off the vacuum pump. Connecting lines are
of3 inch pressure tubing.

The column is volumc-calibrated in 100 cc. divisions with wator, dried,
then packed with powder through a distributor plate (Fig. 6) in 100 g. lots,
the height reachcd in each case being marked on the tube with a paper label.
These figures then give both the overall packing fraction and the individual
packing fractions at any height.

The side arms are blocked with glasswool to prevent the powder falling into
the sampling tubes. The powder is retained at the base and at the top by fine

Scopper gauzes.

The column is surrounded by a 6 inch diameter cellulose acetate tube. It
has a side arm at the base in which is fitted a glass coil for heating or
cooling the forced draught induced by a small 5 inch fan. Small windows in
the side of the tube allow access to the side arm sampling tubes. For low
temperature castings on warm days the rather crude expedient of adding lumps
of 'dry ice' to the side arm enabled the temperature to be ma:n-ta:icd with only
a 2°C. rise up the column. If the room temperature was fairly close to the
required temperature it was possible to maintain the column at a-temperaturc
gradient of less than 10C.

The-casting procedure is as follows. The column of powder and the liquid
in the reservoir are adjusted to the required temperatures and given two hours
to come to equilibrium. With clip D open and clips A, B and C closed, vacuum
is applied simultaneously to the column of powder arid to the liquid reservoir
and maintained at 2.0 on, of mercury or below, for one hour. For casting at
atmospheric pressurc, clip D is closed and clip C opened to make the system
ready. If applied nitrogen pressure is required the rcducinlg and safety
valves on the cylinder arc set and clips C and D closed and B opened.

Casting is begun by opening clip A, simultaneously starting a stop watch.
Timgs are taken as the liquid rises past the labels on the colum-, and also
when it-runs into the sampling tubes. The time of casting varies, depending
on the operating conditions, but it is usually about an hour. As the sampling
of,1iquid interferes with-the rate of flow, similar runs are alvays carried
out without taking samples.

Castings have been carried out using a standard casting liquid with several
grades of single base casting powder over a temperature range of 150 to 32°C.
and a pressure range of atmospheric to 30 p.s.i. applied nitrogen pressure.
Frequent duplicate runs showed that the reproducibility was very good. In each
case the height cast was plotted against the time of casting.

4. RESULTS

4. 1. Rate of Dilatation of Powder Granules

Dilatations were measured with single base casting powder (0.030 inch
long x 0.030 inch diameter) in casting liquid consisting of 72.5% nitro-
glycecrine and 27. 5% triacetin at temperatures of 150, 200 and 26°C.

The composition of SixIc Base Casting Powder No. I is:

Nitrocellulose (nitrated wood paper 12.2% N2) 88%
Diethylhexyl phthalate 5%
Lead stearate 5%
2-N itrodiphcnylamL-e 2%
Graphite (glaze) 0. 05%

7 /The results
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The results show that the dilatatio is greater across the diameter of'
the granule than along its length a,-d that for smarll increases in) temperature
there is a considerable increase in the rate of dilatation. As the tempcratur e
is raisqd the length of time du:-Iig which the swollc edge can be measured
accurately decreases, due to gradual disintegration ve: the pec-entage
increase exceeds 200.

Fluctuations in the measurements due n Qily to the irCgularity of the
surfface of' the granule nmke it essential to carry out at l-east 6 to 8
determinations on each axis of the granule to obtain reliable results.

In Table 1 are summarised the measuccments of the percentage increases
on both axes at the thrcc temperatur*cs for %tcrvals up to 96 hours.

TABLE 1

Percentage Incrcase i Dimensions of
Cordite Granulcs in. Castj:E Lquid

Period of Imersion.
Axis

Measured Temperaturc.
4 hours 6 hours 24 hours 48 hours 72 hours 96 hours

X 15°C. 1.0 1.7 10 20 36 53
Y " 1.3 2.4 14.5 35.5 55 77

X 200C. 3.3 5.3 25 50 79 114
Y " 4.0 6.5 30 73 97 132

X 26C0. 13 17 65 97 134 -
Y " 21 29 i06 158 195

The plot of log (pcrccntagc increase icn thickne,oss) agaiOt log timc gives a
straight line relationship. Fig. 9 shows the atc of' dilatatior for' the X
axis and Y axis at 200C. , and Fig. 10 thc cffcct of temoraturc on the rate of
dilatation.

d i .^ t .ti•f1

It will require i i4.O incrCase ti,c dimcnsions of 0.030 Lach x 0. 030
ich powder to increase the voliumc by - l, or sufficicrt to fill the voids

compie t ely.

4.2. Dilatatia- of' and Penetration into Ccllulose AcetateL, bV Casti-g
Liquid.

Several samples of convolute wound cellulose acetate containers, @ inch
thick, produced fr'om film-quality foil, wrc c asured for dilatation and
penetration in casting liquid coc t-g of 72.5% nitroglyceri-c and 27. 5
triacetin. The composition of the foil was as follovs:

B.X. Plastics Film Qualiy Foil:

Cellulose acetate 80. 0Y/
Triphenyl phosphate 20. 0%
Acetyl co-tcnt (as CH3. COOH) 57.5%
Viscosity of 1% solution relative to acctone at 200C. 4.27

-8-
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The average percentage rates of increase in dimensions and pe,etration
from these experiments are given In Table 2.

TABLE 2

Percentage Increase of Wall Thickness and Penetration of
Casting Liquid into Cellulose Acetate.

Time in Hours 4 7 24 48 72 96 168 192

Dilatation 5% 8.1% 15.2% 20. 6% 29.4% 39% 48. 5% 50%

Penetration 3% 3.4% 7.2% 9.5% 12.6% 15% 18.6% 19.1%

The log (percentage increase) plotted against log time gives a straight
lne relationship in each case and these are shown in Fig. 11.

These results are used as a standard for comparison Nwith other samples of
convolute-wound contaiers using different bonding soluticis. Increasing the
plasticiser content inicreased both the dilatation and penetration and the use
of a crosslinking agent slightly ixcreased dilatation and in addition caused
irregular penetration giving the sample a co:rugated appearance.

The addition of 1CPo hexamethylene di-isocyanate to the bonding solve.t as
a crosslinking agent resulted in the contaior dilating 67. 6% after 150 hours
immers ion.

4.3. Volume Change During Consolidation

Differences in the calculated and measued dcnsitics of, chargcs cast in
the 6 inch pilot plant 'have idicatcd that the castin g proccss is accompanied
by a real loss in volume. Typical figures obta:ned for charges cast wn.th
single and double base casting powders arc shown in11 Table 3.

TABLE 3

Calculated Volume Decrease on Curing - 6 inch Plant.

Density of Conponents, g/cc. Weight Ratio Density of Cast Charges.

Calculated Percentage
Pmder Liquid Solid. Liquid fran Colums Measured Loss in

I to 4 Volume

Single base 1.450 66.5 33.5 1.518 1.543 1.81%
- 1.552

Double base 1.370 65.6 34.4 1.521 1.531 o.66%
- 1.603

/A series
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A series of smll charges wore east inside the dilatometcr. Casting and

curing werc carcied out at the sae temperature to avoi the influence of

thermal expansion. Charges wore cast using single base and double base

powders, with their respective casting liquids, at 45 C. and 600C. The

composition of thcse casting powders and liquids is given in Table 4.

TABL 4

Casting Powder and Liquid Compositions

Casting Liquid

Single Base Double Base

Component. Powder, Powder,
Used with Used with

F.452/40. F. 428/183 F.452/40. F.428/183

N itrocellulose (12.2% N) 88% 74%

Nitroglycerine 20 72% 64%

Triacet in 27% 35%

i2i-hyl hcxyl -hthlrte 5%

.Diethyl phthalatc 5%

2-Nitrodiphenylamia-ie 2%

Lead stearate 5%

Carbamit c I% I% I%

Carbon black 0.05%

Graphite glaze 0.05%

A further sc-ies Nas cast at the ornmal casting temperature of 200C. -vid
maintained at this temperature to dctcrminc the loss In volime occurring

without appreciable curing taking place. Duplicate castigs showed good

agreement and the final results arc recorled in Table 5.

/Table 5.
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Volume Decrease on,Curing.

Temocraturc Tim Single Base Powder Double Base Powder

200C. 220 hours 0. 69% 0.47%

450C. 120 , 0.52% 0.25%

6oc. 1o b 0.42% 0.23%

ih~ Ques Fg... 1.2 show the rate of decrease in volume dur:ig curing
whie Fig. 13 shows the change taking place after casting 'without the influence
of curing..

4. Volume Coeffi.ients of Powders and Chargcs

I The densities of' single and double base casting powders and the propellants
O-ast from them, were determined and from these results the coefficients of
cubical 8xpansion were calculated and arc shown in Table 6. The temperature
range 20 to 609C. wa6 selected as being normal between casting and curin . A
check at 45C. showed the coefficient to be constant between 200C. and 60 0.

TABLE 6

C6effie-!edhts of Cubical Expansion of Powders and Charges

Coefficient of'
Material Cubical Expansion per 0C

x jo5

.(a) Single base ca;ting powder 32

(b) Double base casting powder 35.5

(c) Cast propellant containing (a) 43

(d) Cast propellant containing (b) 40.5

Thus an casting at 200C. and curing at 60 0 C. the thermal expansion for
propellant cast with single base powder will be 1.72% and for propellant cast
with double base powder 1. 62%.

'In both cases :this is partly offset by the real 1-oss in volume occurring
during casting and curing, and therefore the overall expansion will be less.
(Approximately 1. 1% in each case, based on dilatometric measurements. Measure-
ment of 6 inch plant charges cast with single base powder gave zero and charges
cast with double base powder approximately i%).

- - /4.5.
- 11 -A. 5.
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4.5. Rate of Solution of Nitrocelluloec i Cast xig Liquid

Us:ng a s-iLle base casting powder (F.452/40) aad casting liquid of
composition 72% nitroglyccrine, 27% triacctin and 1% 2-nitrodiphcnylamino, a
serics of long tubes werc cast at 150, 200 and 26 0 C. as described .-M
Section 3.7. Samples of the advanciig liqu-id were taken and viscosities
measured. Thc results are set out in Table 7 which gives the time of
contact a-nd the viscosity of the liquid (in centistokes) for castings at
each temperature.

TABLE 7

Effect of' Temperature on the Viscosity of Casting Liquid

Viscosity of Liquid at:

Time of Contact

150C. 200C. 260C.

2 minutes 20. 6 cS. 21.5 c9. 23.0 caS.

5 If 21.7 " 23.6 " 28.3

10 i 23.5 "1 27.7 41.)+

15 " 24.8 " 32.5 62.8

25 27.4 " 45.0 If 130 "

32.5 " 29.3 57.5 " 176.5

40 31.3 73.8 " -

60 - - gels.

90 gels.

120 gels.

Viscosity of original casting liquid = 19.7 caS.

The times quoted in Table 7 at W11ich the casting gels, represent the
ultimate stage, when the flow has ceased, but the 'slow up' to this stage is
considerable, and can be gauged from the curves i Fig. 20.

The viscosity has been plotted againist the time of contact for the three
temperatures and the resulting curves arc shown ijn Fig. 14.

It can be seen that successive sampling of the long tube castings would
not be practicable, so a series of short tube castinlgs wcrc caricd out as
described in Section 3.6. Samples were taken in each case after 100 cc. of
fresh li-quid had passed through the ponder bed, and though the contact times
are not the same the viscosities of the samples provide some intcrestLg date,
which are set out in Table 8.

/Tablc 8.
-12 -
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TABLE 8

ChaJ 6 in Viscosity' of Fresh Casf'* i4quid
Passing through the same Powder Bed

Casting at 15'c.* Ca st ing a t 2010C. Casting ait 2600Q.'

Liquid passed
through Powder Contact Viscosity Conac

Bed.VTme,ositta, Vi sc osity', 7 catc V#cq ity,

c .. mn,n cS., min 0S. nin. cS.

100 6 21.5 5" 292 26.8

200 7 25.6 7 27.2 61T 536.2

300 8 25.7 7 29. 7' -40;

400, 9 25.0 82.*'38*'9

500 10 24.9 9 28.7- 1U-A.

600 10 24.9 9 87 142:7

17010 25.1 10. 28915 !47.7
800 10 25.4 11 28.T 8-' 02" 138

900 12 25.;1 12 29.3

Overall time of j

contact. 82 -78 -88-

In the case of the'&~ig 'wUt5 and 2000C., the cast-ig liquid wa s
still flowing steadily --thr!ough the. powderl lycd af ter 82 and 78 minutes.
respectively,, but with the -6ne run at 260c. the 'flow of li1 quid was sl6wixig up
considerably after 88 minutes. ~I~ilbe nioted that the viscosities arc much
less than those at a cores'oAffT btigb fcr the advanc.ig liquiLd in the long
tLbc0 castings.

As it wvas not possible to determie small quantities of nitrocellulose in
casting liquid, there was no way of finding -the actual perceni-tage'dissolvcd in
the liquid anid carried upwards (luring casting. However, a Series of eoofll
solutions of sixigle base casting powder'-r &h lXtirng liquid were M.de up at
,increasing corcontrat ions, 'and the viscositieS masured.

-As the -pbvdcr is very slowly soluble in ca- -tirig liqu-',d a standard solution
was-.madb up-in actcrne. *Requisite 'aliqubts-were added to por tions of casti-ng
liquid and,these evacuated until all the-acetonie 'had been removed. A finec
stranm- of. ai-r and gentle warming (35%C.) Were us6d. to assist re"moval of the
vdln-tile s,olvent. The highaest conocenrtt.t :Li made up wais 0. 2%,; based an the
nitrocellulose content of the casting poiwer. A plot of viscosilty aganmst
concentration is shown ini Fig. 15.

/Itwa
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It was considered doubtful whether this graph could be used to predict
the percentage of nitrocellulose dissolved during casting because of' the
possibility of preferential extracticn of the lower molecular weight nitro-
celluloscs.

Should the sharp rise in the viscosity r'epresent an appreciable increase
in the nitrocellulose content it would result in the top of the charge having
a higher concentration than the base; in fact the analysis of sections of
numerous castings showed that the maximum varciation in composition along the
length of the charge was I%.

4.6. Packing Fracticn of Powders

Random packing by means of a filling head incorporating a distributor
Plate (Section 3.5.) gives a higher uniform packLng fraction than is obtained
by other methods, employing mecha-ical shakers or vibrators. Vibrators i vc
the very undesirable effect of creating nodes of different density which yield
castings of uaeven composition.

It has also been found that the height of' fall o:I. the p,-vdcr from the
distributor plate has an :iflucnce on the packing fraction. The lattcr ircreases
with the foimer and 20 inches is considercd to be the minimum height the powder
should fall to give a satisfactory packing fraction (Fig. 16).

In packing glass tubes 15 feet long, 1 inch diameter, the variation in
packing fraction at any individual level from the overall average was less than
* 0.25%. The overall average varied less than + 0.5% from tube to tube.

The wall effect with the I -inch tubes was co,rsiderable and the average
packing fraction obtained was only 65.6%, compared wit! an average of 67.3%
for the 6 inch pilot plant.

For a given shape of powder variaticis in the size, within practical limits,
should not alter the packing fractioan, providing each size is uniform and the
wall effect negligible.

The more efficiently a casting powder is graphited the closer its packing
fraction will approach the limiting value.

A number of 15 foot columns were packed with 99.5 g. lots of' black-
coloured powder inters paced with 0. 5 g. layers of red-coloured powder. The
positions of these layers were carefully marked on the glass tubes and
observed during subsequent filling. The results show that the oacked beds
were not compressed by the weight of the column of powder.

4.7. Effect of Pressurc on Casting

In order to determine the flow of liquid through the powder bed at
various pressures without the influnce of dilatation, or solution of the
casting powder, dummy castings were carried out us.ing glycerine and watcr of
the same viscosity as casting lqiuid. Procedure for these dummy castings was
the same as that described in Section 3.7. and the results are shown in Fig. 17.
When casting commences the surface of the liquid in the reservoir is level
with the bottom of the bed of powder so that as casting proceeds the decreasing
head of liquid is tending to slow down the rate of casting. Correcting for
this head of liquid and plotting the corrected height cast against time on
log-log paper the exponential functions shown jz Fig. 18 are obtained for the
three cressures.

The hcights cast at various times are of the same order as calculated fron

/a modified
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amoified Kozony cquationi. Those heights also agrec with the 6 inch pla,nt
castiLngs, in which dilatation an-.d rate of solution of the casting powder has
not started to influence thc rate of fldMa1.

A scries of actual long tube castiLngs were, i rn at 2bod. at thrco Dl-essurcs
ana the resulting curves are shown in RL . 19. Tt-i slopas v~the curvcs f1ce ~r
similar to thos inc Fi.1,btwe o-,rected for pressure loss and transposed
to log-log paper they wvere only expaontial *functions for* tim-s up to 20
minutes. It is obvious that from this time 2 nivards the rate of SOluti*oQn or
dilatation is beginning to have ana .1ifluence on the rate of censting..

ICa st ing s at t-i threec pressures were also rCun It temperatures of 150 an
2606. and all- the results arc set out- inhiTable 9.5

ITALE9
Affec of Pressure an Hjg)t Ca si

Height east in cm.

150C. 20 0 . 26 0C.

CaTInge Pressure Pressur Pressure

Atmo - 15 30 Atmos- 15. .30 Atmos- 15 30
/min. pheric p. s. i. p. s. i. pher,-ic. p. s. i. p. s. i. pheric p. s. ii, p. S# io

5 -78 .- 115 145 92 134. 172 100 150k 187

10 1 12f- 164 204~ 12 179 230 129 196' 245

15 127 193 238 143 211 272 149 225 280

20 142 216 267 159 235 304 16o 240 307

25 155 234 291 172 256 331 169 260 324

30 165 248 311 183 272 355 175 270 337

40 180 271 347 199 297 395 185 288 358

50 194 291 384 211 316 422 - --

60 206 306 407 220 332 445 --

As tie curves of' height east against time arec partially exponential t here
should be a :Lclationship between height cast arid ixessu:oc for tiLM up to
20 minutes. In Table 9 the heights at atmospheric pr'essurc wel*e taken as unity
and the heig,hts at 15 anrd 30 P--s.i. applied v-Lessurc were calculated as
multiples of these heights: the results aestout in Table 10.

/Table 10
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TABLE 10

Relationship between Height cast and_Aplied Casting Pressure.

150c. 20°C. 26%.

Casting Prs sure Pr cs sur Pros sure
Time, ,__

Atmos- 15 30 Atmos- 15 30 Atmos- 15 30
min. pheric p. s. i. p. s. i. pheric p. s. i. p. s. i. pheric p. s. i. p. s. i.

5 1 1.50 1.86 1 1.45 1.87 1 1.50 1.87

10 1 1.49 1.84 1 1.46 1.88 1 1.51 1.90

15 1 1.51 1.87 1 1.47 1.90 1 1.51 1.88

20 1 1.52 1.88 1 1.48 1.91 1 1.50 1.92

25 1 1.51 1.88 1 1.49 1.92 1 1.52 1.91

30 1 1.51 1.89 1 1.48 1.93 1 1.54 1.93

20 1 1.50 1.92 1 1.48 1.95 1 1.56 1.94

50 1 1.50 1.97 1 1.50 2.0 - - -

60 1 1.48 1.97 1 1.51 2.02

These results will provide a convenient means of predicting approxinately
to what height a given powder will cast, providing it has bcen cast at another
pressure.

4.8. Effect of Temperaturc on Casting

Raising the temperaturc of the castifig system has a threefold effect:
(a) The fluidity of the casting liquid is increased.

(b) The rate of solution of nitrocellulose i casting li.quid is
increased.

(c) The rate of dilatation of the powder is j2-creased.

For chargcs up to 7 feet in length the fluidity is the domin'ant factor and
there is a small saving i- tim by castinig at a higher temperaturc. But in the
region of 9 to 10 feet the effect of flu-idity is cancelled by the ircrCase in
viscosity of the casting liquid due to the solution of nitrocellulose.

The times taken to cast C.P.3. cha,ges (Sigle Base Casting Powder No. I)
to various heights are given in Table 11.

/Table 11
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TABLE 11

Effect of Temperature on Height Cast

Time Taken in Mvinutes.
Height Cast, _ ___

feet Cast at 150C. Cast at 20 0 C. Cast at, 2 6 C6, Cast at 32C.

7 112,7 61

8 16 112 10 10 ,

9 21215f'1

10 281 20- 20 gelled.

11 364 25 29

12 47 32 47

13 57 4c gelled.

14 73 50

15 97 65

From Table 11 it can be seen that there is no advantage in casting
charges in excess of 10 feet at temperatures above 200C. Though it is possible
to east charges up to 15 feet at both 150C. ard 200C. the casting at 15 C. is
very slow due to the reduced fluidity of the casting liquid. TIrrefore 200C.
may be regarded as the best temperature at which to carry out all long
castings.

The curves of the castings at the above four temperatures are shown in
Fig. 20.

4.9. The Effect of the Properties of a Povder on its Castability

The shape and size-distribut-*a ofv the powder granules affects the packing
fractini and therefore must also influence the height to which a charge can be
cast.

The effect of a difference of 1.8% in the rmcking fraction on the -jeight
cast can be scn in Fig. 21 in which chopped cord (0.030 inch x 0.030 inch
isodimetric cylindcrs), packed to dffercnt densities, was cast under similar
conditions.

Powders of the same shape, .ut of different sizes, although,they pack to
the same density, will not cast to the same height. , Considering two isodimctric
cylindrical powders of size '0. 030 and '0.035', when packed the larger size
powder wIll have a lesser number of interstices than the small sized powder
but they will be of greater volume. The s)aller intcrsticcs will offer greater
resistance to flow, and hence, a shorter height will be cast i:n a give* time.

/By packing
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By packing these powders to the same desity and using glycerine and wator as
a casting liquid, thus eliminating solution and dilatation effects, the
influence of this factor can be gauged. Curves A and B in Fig. 22 illustrate
this influence.

There will also be a 35% reducticn in-i surface area with the larger sized
powder, which will considerably reduce the rate of solution of nitrocellulose
in the casting liquid and materially assist the casting. Cu:vcs C and D in
Fig. 22 represent runs jast with nitroglyccrinc casting liquid and these two
different sized powders. The divergence between A and C and between B and D
represents the effect of dilatation and rate of solution.

5. DISCUSSION

Whilst the method of carrying out the dilatation measurements is not
directly comparable with practical casting conditions, it provides an indication
of the relative values of changes -n powder composition, casting liquid and
temperature. At tomperatures of 150C. and 20oC. the dilatatim of Single Base
Casting Powder No. I will have a nogligible effect on the rate of casting
because in the first hour the volume 1-ncreascs only 3%. However, as the
temperature is raised to 26C. the increase for the same period is 14%, or
cile -lird thi rcqui cd con..]ccy o fill he roi"s and 'IA.s T:il
definitely influence the casting rate. Further measurements at higher
tcmpratures should establish whether dilatation becoms the dominant factor
or whother it continues to be a secondar-y onc Jn the gellirg of long castings.
In the case of double base powders dilatation is a major factor; it has been
shown that voids may be filled within an hour.

The ideal convolute-wound container, in which t he chargc is cast and
which subsequently forms the restriction to prevent the outer cylidrical

surface fron burning, should bond perfectly to the charcge without subsequent
migration of the solvent, plasticiser or nitric ester. However, to obtain a
good bond of container to charge some migration of one or mooe compor-:its must
occur between the two during curing of the charge. The dilatation and penetration
of the restrictive container by casting liquid will not affect the rate of
casting but will influence bond of the charge to the contaIier. The solution
of the conta'iner mterial in the nitric ester will not affect the rate of
casting appecciably, but may influence the quality of the bond. A study of the
comparative rates of solution of cellulose acetate in- the nitric estcrs may
explain why nitroglycerine gives a good bond but dicthylcne glycol dinitratc
a poor one with cellulose acetate restrictions.

The real losses in volume on castiig and curving as measured by the casting
of small charges in the dilatomctcr, are less than those obtained by measurement
and weighing of a number of 6 inch diameter charges before and after curing,
but follow the same pattern. The discrcpancy may be due to the small charges
not being restricted along their Ic-rigth and to the greater excess of liquid
Ji the dilatometer. Whcn the componeits are cast and cured at a high
temperaturc they contract less than if the operation is carried out at a lower
temperature and also the moze highly gelatinised 20% double base powder
contracts less than the single base powder. To investigate the p:oblem further
it w-I be necessary to alter the design of the dilatomcter so that a smll
charge can be cast at 20 C. cured at 600C. , and cooled again, the volumes
being measured before curinPg ad, after coolig. To do this will require the
insertion of a calibrated bulh in the middle of the capillary of sufficient
capacity to account ffr the thermal expm-n,sio of the liquid in the system.

The packing fraction governs the solid: iquid ratio and therefore controls
the composition of the charge. For t1is reason it is essential that the method

/of filling
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of filing the restrictive containors with casting pocer should give a hih,
uniform nnd reproducible packing density. A veiy - high- pckinF fracti-n, even
if obtainable, is not LTactical because of the reduction i n free, space ad the
subsequent slowing down of the rate of casting. Nor is a lov packing fraction
desirable because of the resultirg high percentage of liquid in the casting.
Increasing the size of the powder without altering the shape will increase the
rate of casting but will not altogether solve the problem of producing long
castings in short times, bccausc of the disproportionate increase i the curing
time.

The sharp rise in the viscosity of the advancing liquid is,almost certainly
the limiting factor in the casting of long (single base powder) charges. The
nitrocellulose in the casting powder has a wide range of molecular weights of
varying solubilities in the casting liquid. To what extent the low molecular
weight r-i-trocelluloses arc preferentially dissolved cannot be ascertained
until it is possible to determine quantitatively the small amounts of nitro-
cellulose in the casting liquid. The results of the experiments in which fresh
liquid was continually passed through the same powder bed show that the
viscosities of successive samples do not vary greatly, providing the ci-tact
times are the Same. This means that the concentration of nitrocellulose in
these samples is either uniform or is decreasing with the solution of higher
molecular weight nitrocelluloses of cocrespondigly higher viscosity. This
work will have to be extended, and the study of rates of solution of nitro-
collulosc in other-nitric esters included, before a clear picture can be
obtained..,,

Considering the results 8f castings carried out at different temperatures,
there is little doubt that 20 C. is the best pract:ical temperature at which to
cast charges up to 12 feet. The slight gain in time obtained by casting shorter
charges at a higher ambient temperature is not worth thi: risk of the chargc
gelling should,; casting be interrupted for a few minutes by a power failure or
other causes. The acceptance of 20oC. as the optimum castLcg temperature means
that provision will rve to be made for heating and cooling the casting assembly,
or. conditioning the casting house.

The result of experiments involving only changes jj pressure show that
increasing pressure directly increases the length to which a charge can be
cast. Therefore, the limiting positive pressure at which a chargc can be cast
will be dependent mainly on the feasibility of handling nitric esters under
pressurc. Until more inaforwtion is available as to the safety of such handling
it is considered that a positive opcrat:ing ,cssurc of 30 to 35 p.s.i. should
not be exceeded.

The cxperimental casting system is evacuated and mainitained for I to 2
hours at 2.0 aT. Hg or less to remove moisture f-om the surface of the granules
and to dry and dc-aerate the casting liquid. This pri.od of evacuation is very
important, because traces of moisture may cause swelling without solution,
resulting in a 'boiled rice effect and poor cohesion. It has becn suggested
that durig the period of evacuation some surface conditionig of the granules
occurs which improves the quality of the castiyg. Further work on this possible
mechanism is required.

6. SUMMARY OF RESULTS

6.1. The dilatation of single base casting powder granules is greater
along the Y axis (diameter) than along the X axis (length) and the rate of
dilntation i creases rapidly with a rise i temperature. Dilatatioi is an
exponential function of time up to 100 hours imersion.

/6.2.
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6.2. Standard cellulose acetate convolute-wound containers dilate 50% and
are penetrated 20% after 200 hours contact with casting liquid. Both dilatatiom
and penetration are exponential functions of time for this pcriod.

6.3. There is a real loss in volume cn casting arid curing, which is greater
for single base than for double base powders. This loss in volume, as measured
after 200 hours, decreases as the curing temperature is raised.

6.4. Based on dilatomctric experimcnts, the overall thcrrmal xpansicri of
charges cast at 200C. and cured at 600C., taking into account the irreversible
loss in volume, is approximately 1.1%. Practical charge measuements give a
lower fiLgurc.

6. 5. For high, uniform packing, when a filling is aone through a dLstributar
plate having holes of a fixed size and spac'ng (related to the dimensions of
the powder) it is essential that the casting pNvder falls at least 20 inches.

6.6. As the casting temperature is raised the viscosity of the casting
liquid rises steeply due to the iUncreased rate of solution of nitrocellulose
in the liquid and ultimately causes the casting to gel. With C.P.3
composition gelation occurs after 129, 90, 60 and 30 minutes at temperatu!es
of 150, 200, 260 and 320C., respectively.

6.7. Applied pressurc directly !ifluenccs the height to which a charge can
be cast and for short times of casting it Ls possible to predict approxintely,
other things being equal, what increase in height will be obtained with a
known increase in pressure.

6.. The maximum useful castLng time falls rap:idly as the tempraturc rises
from 150 C. to 32 0C., but taking fluidity, rate of solution of nitrocellulose
and casting time into account, 200C. is the best practical temperature for
castinig charges up to 15 feet long.

6.9. icreasing the size of powdcr of a given composition whilst retaining
the same shape will Incroase the height of cast.n g, but this is not altogether
advantageous because the curing time is considerably in3-creased.
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